With the success of structural and mechanistic studselection and DNA shuffling to obtain GroEL/S variants ies in defining the chaperonin reaction cycle, it is now that dramatically enhanced folding of a single subimportant to understand how encapsulation and release strate-green fluorescent protein (GFP). Changes in the of substrates by GroEL/S assist the folding of its biologisubstrate-optimized chaperonins increase the polarity cal targets. This problem is underscored by the fact that of the folding cavity and alter the ATPase cycle. These GroEL/S is a general chaperone able to fold substrates findings reveal a surprising plasticity of GroEL/S, that share no apparent similarities with each other in which can be exploited to aid folding of recombinant terms of sequence, structure, or function, including proteins. Our studies also reveal a conflict between some heterologous proteins that would not normally specialization and generalization of chaperonins as encounter this chaperonin. Moreover, in E. coli, a wide increased GFP folding comes at the expense of the range ‫)%01ف(‬ of newly synthesized polypeptides interability of GroEL/S to fold its natural substrates. This acts with GroEL, although it is not known how many of conflict and the nature of the ring structure may help those proteins depend on the chaperonin for folding explain the evolution of cellular chaperone systems.
Figure 1. Wild-type GroEL/S Partially Assists GFP Folding in E.Coli
Experiments were conducted using DH5␣ cells carrying both a ColE1-based plasmid encoding the indicated GFP variant (GFP wt or GFP opt ) under an arabinose inducible promoter and a compatible p15A-based plasmid either constitutively overexpressing GroEL/S (GroE wt ) or without insert (vector). (A) Fluorescence emission spectra at excitation wavelength of 395 nm. GFP was induced in log phase cultures, after three hours spectra were recorded and normalized against cell density. 2000; Yaffe et al., 1992) . CCT also supports folding of their ability to fold a variety of natural substrates. Our results demonstrate a substantial plasticity of GroEL/S other recalcitrant substrates but does not even bind GroEL substrates such as MDH and rhodanese. There in terms of substrate range and reveal an inherent conflict between specificity and generality of the chaperare also specialized cochaperonins: bacteriophages T4 and RB49 encode their own GroES homologs (GP31 and onin. These features have important implications for understanding the mechanism and evolution of cellular CocO, respectively) that cooperate with GroEL to fold certain phage capsid proteins whose folding and assemmolecular chaperone systems. bly are not supported by the endogenous GroES (Ang et al., 2000) .
Results

To explore the basis and limits of GroEL's ability to act as a general chaperone, we used rounds of in vivo
Selection of GroEL/S Variants that Enhance GFP Fluorescence in E. coli screening and in vitro DNA shuffling to identify GroEL/S variants with dramatically improved abilities to fold a GFP from the jellyfish Aequorea victoria has several features that make it an attractive candidate for selecspecific substrate-green fluorescent protein (GFP). As the chaperonins became better at folding GFP, they lost tion of substrate-optimized chaperonins. First, GFP fold- Figure 2D ). QuantiThird, although not native to E. coli, GFP is a substrate of GroEL/S in vitro that can complete folding while entative Western blot analysis showed that the GroE 3-1 variant did not change the levels of either GroEL or GFP capsulated in the chaperonin cavity (Weissman et al., 1996) .
( Figure 2E ), indicating the difference in fluorescence was due to the enhanced capacity of GroE 3-1 to fold GFP. We first established that GroEL/S assisted GFP folding in vivo. As has been seen with other recombinant To explore the robustness of the enhanced GFP folding, we examined the ability of GroE 3-1 to fold four circuproteins (Goloubinoff et al., 1989), overexpression of GroEL/S substantially enhanced folding of both GFP wt larly permuted GFP derivatives in which the N and C termini of the polypeptide chain were fused, and a new and GFP opt ( Figures 1A and 1B) without significantly altering their expression levels ( Figure 1C) . Cells with N terminus was created at various positions along the GFP chain (Baird et al., 1999; Topell et al., 1999) . Al-GFP opt and GroEL/S were dramatically brighter on plates than cells expressing GFP wt and GroEL/S ( Figure 1D) though each of these variants (starting at residues 49, 143, 155, and 173) was folding compromised, overexand showed an ‫-01ف‬fold increase in fluorescence in liquid culture ( Figures 1A and 1B) . Thus, although pression of wild-type GroE assisted their folding in E. coli, and GroE 3-1 further increased the yield of native GroEL/S enhanced GFP wt folding, there was still substantial room for improvement of the chaperonin in a proteins (Table 2) . These results establish that the ability of GroE 3-1 to improve GFP folding is not dependent on range that could be readily visualized.
We combined rounds of visual screening with in vitro the order of synthesis or overall folding efficiency of GFP and argue against a critical cotranslational folding DNA shuffling (Stemmer, 1994 ) to obtain GroEL/S variants that enhanced GFP fluorescence (Figure 2A) . In event. Instead, the improvement occurs at a later stage of the folding process, possibly when all circularly perthe first round, the GroEL/S operon was subjected to random PCR mutagenesis as well as targeted mutagenmuted GFPs reach a common intermediate. , it was possible that plates. The GroEL/S mutant plasmids recovered from the cells were fragmented to an average of 10 pieces and GroE 3-1 enhanced GFP folding in part by increasing the levels of other molecular chaperones through induction recombined randomly by self-priming PCR to generate a new GroEL/S library for screening. The fluorescence of of a heat shock response. We excluded this possibility using a variety of approaches. First, we examined the the best colonies improved progressively through three rounds of screens ( Figure 2B ). In the third and final heat shock response directly using a lacZ gene under the control of 32 -regulated htpG promoter (Herman et round, three GroEL/S variants (3-1, 3-2, and 3-3) with 6-to 8-fold improvements were chosen. These variants al., 1995). Overexpression of GFP wt induced a heat shock response, which was robustly and comparably inhibited each carried changes in both GroEL and GroES (Table  1) . A significant subset of the mutagenized GroEL/S by coexpression of either GroE wt or GroE 3-1 ( Figure 3A) . Second, we examined the effect of overexpression of plasmids, including many that led to bright colonies, caused growth defects. We chose for in depth analysis The improved ability of GroEL/S variants to fold GFP could be either due to a general enhancement in the the ability of GroE 3-1 to enhance GFP folding does not depend on Trigger factor, which is the major molecular efficiency/robustness of GroEL/S activity or due to a shift in the chaperonin's repertoire away from endogechaperone associated with nascent chains (Deuerling nous substrates and toward GFP. Because we screened GroE 3-1 mutant strain ( Figure 4B ), and this deficiency was due to a decrease in viral production (burst size) for GroEL/S variants that did not inhibit E. coli growth at 37ЊC, all GroEL/S substrates important for growth at consistent with a defect in capsid assembly. We also observed a substantial growth defect of the unrelated this temperature would presumably be folded. However, GroEL/S is also involved in a variety of nonessential Mu phage in E. coli expressing GroE 3-1 . Interestingly, no obvious growth defect was detected for T4 phage whose cellular processes and in growth under other conditions. For example, GroEL/S is required for survival at high growth requires endogenous GroEL but encodes its own cochaperonin GP31 (data not shown). temperature and for capsid assembly of a number of unrelated phages including , T4, and Mu (Ang et al.,
We next explored the ability of the GroEL/S variants to fold the chaperonin substrate HrcA, a transcriptional 2000). We explored whether GroE 3-1 was defective in these processes.
repressor of the CIRCE heat shock regulon in Bacillus subtilis (Mogk et al., 1997). Folding of HrcA is dependent Using a GroEL depletion strain that produced only plasmid-encoded GroEL/S (McLennan and Masters, on the levels of chaperonin and this dependence is part of the heat shock regulation process; as GroEL/S be-1998), we showed that GroE 3-1 could functionally replace GroE wt in supporting growth at 37ЊC but not at an elecomes increasingly occupied with misfolded proteins produced by stress, levels of free GroEL/S decline leadvated temperature (45ЊC) ( Figure 4A ). GroE 3-1 cells were also more sensitive to the mutagen MMS, possibly due ing to HrcA misfolding and derepression of the CIRCE regulon. Although not found in E. coli, HrcA-mediated to poor folding of the GroE substrate RecA (Houry et al., 1999) (data not shown). Finally, phage plaque for-CIRCE regulation has been reconstituted in this organism using E. coli chaperonins (Mogk et al., 1997), and mation was also severely (‫-0001ف‬fold) impaired in the we used this system to assess folding of HrcA by our cess of chromophore formation, a reaction unlikely to be influenced by GroEL/S. Thus, a small change in the GroEL/S variants. As monitored by the ability of plasmidencoded HrcA to repress transcription of a ␤-galactosikinetics of fluorescence formation could reflect a much larger change in the rate of folding. In E. coli, where dase reporter driven by a CIRCE element, each of the variants was less effective than wild-type GroEL/S at nascent chains are continuously produced, faster GFP folding could enable GroEL/S to be utilized more effiproviding functional HrcA repressor ( Figure 4C, top) . Furthermore, the levels of soluble HrcA correlated well ciently. Future analysis of chaperonin mediated folding of GFP would be facilitated by the development of with the degree of repression of ␤-galactosidase activity ( Figure 4C, bottom) . These assays together indicated probes that directly monitor conformational changes in GFP. Additionally, it will be important to examine other that overexpression of GroE wt improved the folding of HrcA to a much greater extent than did overexpression factors that influence folding in the cell, including macromolecular crowding and competition from the array of of each of the four substrate-optimized chaperonins examined. In fact, overexpression of GroE 3-1 and GroE 3-2 other newly synthesized proteins. actually decreased HrcA folding. This dominant-negative effect is likely due to formation of endogenous/ Improved GroEL Variants Have Altered variant GroEL/S mixed ring complexes, which have a ATPase Activity reduced ability to support HrcA folding. Taken together, We next examined how the mutations in the chaperonin the above findings establish that the GroE variants variants affected the GroEL/S reaction cycle. In all third achieve the improvement of folding GFP at the expense generation variants, mutations in GroEL clustered either of their ability to fold other proteins, suggesting an intrinto residues near the ATP binding site or to the intermedisic conflict among the folding requirements of different ate domain which undergoes large conformational substrates.
changes upon ATP and GroES binding ( Figure 5B ) (Xu We did find one chaperonin substrate, mitochondrial et al., 1997). Intriguingly, by the third round, no changes rhodanese, that was folded equally well by either GroE 3-1 were found in the peptide binding region of GroEL even or GroE wt suggesting that rhodanese has similar folding though this area was directly targeted in the first round requirements to that of some essential endogenous proof mutagenesis. The changes in GroEL substantially afteins. Because of the high folding yield of wild-type fected its ATPase activity, resulting in both an enhanced rhodanese, we used a folding compromised rhodanese basal activity and exaggerated inhibition by GroES. For mutant (E17P) for these studies (Luo and Horowitz, example, the ATPase activity of GroEL 3-1 was ‫-5.1ف‬fold 1993). Overexpression of GroE wt or GroE 3-1 increased the higher than wild-type GroELs when GroES was not presamount of native rhodanese to a similar extent ( Figure  ent (Figure 5C ). Addition of GroES is known to attenuate 4D), while leaving comparable levels of aggregates.
the ATPase activity of wild-type GroEL by roughly 50%, an effect that saturates at a GroES:GroEL ratio of 1:1. By contrast, for GroEL 3-1 , addition of GroES beyond a Analysis of GroEL/S-Mediated GFP 1:1 ratio further diminished the ATPase activity to less Folding In Vitro than 10% of the uninhibited value ( Figure 5C ). Similar To study GFP folding by GroE 3-1 in vitro, we purified effects were also seen with the two other third generawild-type and the 3-1 variant of GroEL/S from E. coli tion variants (data not shown). ATP binding and hydrolyoverexpression strains and used them to refold bacterisis by GroEL are the driving force of the chaperonin ally produced GFP. In looking at the in vitro refolding of reaction cycle and are closely linked to conformational GFP, it was important to take into account the multistep changes in GroEL (Ranson et al., 2001) . Thus, the changes nature of formation of fluorescent GFP (Tsien, 1998).
in the GroEL ATPase are likely to reflect changes in the GFP first folds to a near-native state. This state prolifetime and conformation of the chaperonin folding cymotes chromophore formation in a relatively slow procle intermediates. cess that involves autocatalytic cyclization of a tripeptide segment followed by dehydration and air oxidation, yielding the fluorescent species. Denatured mature GFP Increased Polarity of the GroE Central Cavity Enhances GFP Folding loses fluorescence but the chromophore is still intact. Unlike folding of GFP lacking the chromophore, refoldOur screen also repeatedly uncovered changes in a single conserved residue of GroES (Tyr 71). Specifically, ing from chemically denatured mature GFP is efficient even in the absence of GroEL. Therefore, in order to each of the third round variants contained a positively charged residue (Y71H in GroES 3-1 and GroES 3-3 and imitate de novo folding of GFP in the cell, we purified GFP wt from inclusion bodies, which form prior to chro-Y71R in GroES 3-2 ); an independent mutation (Y71C) was also found in a second round variant. The side chain of mophore formation.
Both GroE wt and GroE 3-1 enhanced GFP wt folding in Tyr 71 extends from a surface loop of GroES into the central cavity of the GroEL/S complex ( Figure 5B ). Due vitro. The yield of native GFP wt was comparable for GroE 3-1 and GroE wt when folding was carried out by either to the 7-fold symmetry of GroES, changes in this residue can dramatically alter the chemical environment of the excess or substoichiometric levels of chaperonins (Figure 5A) . At neutral pH, GroEL 3-1 led to a modest but folding chamber ( Figure 6A ) although it is possible that these mutations also allosterically affect GroEL ( a third positively charged residue (Y71K), either of two with GroES 3-1 (2-fold) was less than the 8-fold increase observed when GroEL 3-1 and GroES 3-1 were combined. negatively charged residues (Y71D, Y71E), or a polar residue (Y71Q) strongly increased the yield of GFP foldInterestingly, although GroES 3-2 was a more effective cochaperonin than GroES 3-1 when paired with wild-type ing, whereas replacement with hydrophobic residues (Y71L, Y71F) had no discernible effect.
GroEL, combining it with GroEL 3-1 yielded a chaperonin complex with no appreciable further gain in folding abilExamination of the individual and combined effects of the GroEL and GroES mutations on GFP folding indiity and one whose performance did not surpass that of GroE 3-1 . Thus, it appears that optimal chaperonincated that the mutations can complement each other but not in a simple fashion ( Figure 6C ). The increased mediated folding requires a complex interplay between the chemical environment of the folding cavity and the fluorescence observed when pairing GroEL 3-1 with wildtype GroES (‫-5ف‬fold) and when pairing wild-type GroEL kinetics of the reaction cycle. Discussion changes in GroEL/S that allow it to fold GFP better compromise its ability to fold its natural substrates. GroEL, together with GroES, has a remarkable ability to recognize and promote the folding of a broad spectrum Effects of Mutations on the GroEL-GroES Reaction Cycle of structurally and functionally diverse proteins. In this work, we asked whether GroEL/S could be optimized Substrate-optimized chaperonin variants provide novel tools for studying which features are important for to fold a particular substrate and whether such "optimization" comes at the expense of the general protein allowing chaperonins to assist the folding of a range of substrates in vivo. There has been remarkable progress folding capacity of the chaperonin. By altering as few as three residues in GroEL and GroES, we were able to in understanding the structure and mechanism of the GroEL/S/ATP reaction cycle in vitro . dramatically improve its ability to fold GFP. This improvement is not accompanied by changes in expresOur approach is complementary to these studies in that we start with GroEL/S variants that have large effects sion levels of GroEL or GFP, nor is it dependent on other cellular molecular chaperone systems. Significantly, the in vivo and subsequently examine their effects on the cal environment (Hunt et al., 1997) , arguing that changing the nature of the folding cavity may be a general mechanism for tailoring chaperonins to the requirethe resultant chaperonin was defective in performing ments of different constellations of substrates. Each several of its natural functions. These functions included chaperonin substrate will have characteristic electrosupporting infection of two unrelated phages, allowing static, conformational, and kinetic reaction cycle regrowth at high temperatures or in the presence of a quirements for optimal folding. The challenge now is to mutagen, and folding of specific substrates. Thus, the understand mechanistically how changes in the chemirequirements of the various potential chaperonin subcal environment of the folding cavity and the kinetics strates appear to be in conflict such that any given of the chaperonin reaction cycle change the range of chaperonin complex is limited in the number of polypepsubstrates that GroEL/S can efficiently fold in vivo.
tides it can optimally fold. The apparent lack of overlap between the substrates of the eukaryotic chaperonin CCT and bacterial GroEL/S suggests that this conflict is Implications for the Evolution of Cellular Chaperone Systems a general feature of chaperonin-assisted protein folding (Gutsche et al., 1999; Leroux and Hartl, 2000). Our results establish that the structure and reaction cycle of GroEL/S give it great plasticity, allowing the chapGiven the power and adaptability of the chaperonin architecture, it is puzzling that there has been an appareronin to be tailored to increase the efficacy of folding of particular substrates. Our findings also suggest that ent specialization of the CCT chaperonin in eukaryotes. This specialization is particularly intriguing in light of the needs for specialization and generalization of the chaperonin are in opposition as the enhanced ability of the remarkable proliferation of another ATP dependent molecular chaperone pair: Hsp70 and J-domain conGroEL/S to fold GFP comes at the expense of its ability to act as a general molecular chaperone (Figure 7 . The crystal structure of the bacterial chaperonin GroEL at 2.8 A. Nature 371, 578-586. was measured at different time after induction as described (Miller, 1992 (1999) . GroEL accelerates the refolding of sive 10-fold dilutions of cI phage were spotted on these plates and hen lysozyme without changing its folding mechanism. Nat. Struct. incubated overnight at 37ЊC.
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